ABSTRACT We fabricated hexagonal graphene nanomeshes (GNMs) with sub-10 nm ribbon width. The fabrication combines nanoimprint lithography, block-copolymer self-assembly for high-resolution nanoimprint template patterning, and electrostatic printing of graphene. Graphene field-effect transistors (GFETs) made from GNMs exhibit very different electronic characteristics in comparison with unpatterned GFETs even at room temperature. We observed multiplateaus in the drain current-gate voltage dependence as well as an enhancement of ON/OFF current ratio with reduction of the average ribbon width of GNMs. These effects are attributed to the formation of electronic subbands and a bandgap in GNMs. Such mesoscopic graphene structures and the nanofabrication methods could be employed to construct future electronic devices based on graphene superlattices.
G raphene is of great interest not only as a superior electronic material but also as a promising platform for the investigation of new mesoscopic phenomena. 1 Recent experimental work has shown that graphene nanoribbons (GNRs), 2 quantum dots (QDs), 3 and heterojunctions, 4 incorporated into nanoelectronic structures, exhibit different transport behavior than conventional semiconductor quantum devices (for example chaotic Dirac Billiard in Coulomb blockade, 3 Klein tunneling, 4 and anomalous Hall effects 5 ). Recent theoretical work predicts more novel and counterintuitive properties for graphene superlattices consisting of nanoscopic units, such as strong conduction anisotropy and subband formation. 6 Once fabricated, such mesoscopic graphene structures can serve as a solution to open an energy bandgap in graphene, which is necessary for electronic applications (for example, switch transistors with a high ON/OFF current ratio). 6 The fabrication of such structures demands efficient nanopatterning technologies able to produce nanoscale periodic or quasiperiodic modulations (e.g., selectively etched meshes, doped areas, or topographically induced strain) over large areas. 7, 8 In this work, quasi-periodic hexagonal graphene nanomeshes (GNMs) were fabricated by using nanoimprint lithography (NIL) 9 in combination with block-copolymer selfassembly 10 and electrostatic printing of prepatterned graphene. 11, 12 As schematically illustrated in Figure 1a , a graphene nanomesh can be regarded as a quasi-periodic network of multiple graphene nanoribbons (GNRs). [13] [14] [15] Therefore, it is expected to serve as a solution to open an energy bandgap in graphene-based electronic systems. In comparison with a single GNR, GNM, when used as a conduction channel, can ensure a higher drive current. More importantly, it also lays an important foundation for constructing graphene superlattices with various nanoscopic functional units. Here, we demonstrate graphene field-effect transistors (GFETs) made from GNMs. The ON/OFF current ratio (I ON /I OFF ) of the transistors increases with reduction of the GNM ribbon width, indicating bandgap formation due to the quantum confinement at multiple ribbons. Furthermore, multiple conduction plateaus are found in the drainsource current-gate voltage curves, which are attributed to the formation of electronic subbands in GNMs.
Figure 1b schematically shows the fabrication route of the hexagonal graphene nanomesh. First, microscopic or larger graphene features are deposited onto a substrate using electrostatic printing of graphene (Figure 1b-1) , which has been demonstrated to be able to incorporate graphene features over large areas and obtain a high yield of monolayers and bilayers. 11, 12, 16 Other methods such as mechanical exfoliation/printing 17, 18 and chemical vapor deposition 19, 20 could also be used here for different purposes. Next, a polymeric resist layer is spin-coated on top of the graphene films (Figure 1b-2) , and an imprint template bearing hexagonal pillars is used to imprint the hexagonal mesh pattern into the resist layer (Figure 1b-3 and Figure 1b-4) . After the imprint process, O 2 -based reactive ion etching (RIE) is performed to etch away the resist residual layer thickness (RLT) as well as the underlying graphene to define the mesh structures (Figure 1b-5) . Finally, the resist is removed in a solution, and graphene nanomeshes are formed (Figure 1b-6 ). Such a fabrication route is completely based on low-cost, high-throughput lithographic technologies and provides an efficient way to produce ordered graphene nanostructures over large areas.
In this work, the microscopic graphene films were electrically printed onto silicon substrates coated with 300 nm thick SiO 2 . The graphene monolayers were identified and located by using a Raman imaging system with laser energy of 2.33 eV and spot size of ∼300 nm. 21 The details of electrostatic printing of graphene and Raman characterization can be found in previous publications.
11,12 For the imprint process, the thin film of polystyrene resist of ∼20 nm thickness was prepared via spin-coating of toluene solutions on the SiO 2 /Si substrate coated with graphene flakes. The hexagonal imprint template was fabricated using a self-assembled diblock copolymer mask to etch the pattern into a SiO 2 template blank. 22, 23 Figure 2a shows the tilted scanning electron micrograph (SEM) of a nanoimprint template bearing hexagonally arranged posts with a diameter of 20 nm and a single-crystal domain size of 100 nm. The template surface was treated with a moldrelease agent (MRA) for easy template removal without material peel-off.
The thermal nanoimprint was performed on a custombuilt nanoimprinter with controllable thermal cycle. During the thermal nanoimprint cycle, the template and the substrate are first pressed together by using a pair of parallel plates, which generates a gauge pressure of ∼500 psi. Next, the heaters inside the pressure plates heat the samples. The imprinting temperature is stabilized at 120°C for 5 min. After the thermal imprint cycle, the heaters are turned off and the sample temperature ramps down to room temperature without releasing the pressure. Finally, the template is separated from the substrate. Figure 2b shows the crosssectional SEM image of an as-imprinted resist film with RLT of ∼12 nm.
The resist residual layer as well as the underlying graphene was etched by using an O 2 -based RIE recipe (O 2 flow, 25 sccm; pressure, 10 mTorr; power, 90 W). Finally, the polymeric resist was completely removed in a solution mixture of 20 mL ammonium hydroxide (30 wt % NH 3 in water), 20 mL hydrogen peroxide, and 100 mL deionized water at 70°C for 15 min.
To make working GFETs, the GNM samples were first thermally annealed at 180°C in a vacuum oven for 2 h to reduce the organic impurities. Next, the metallic drain/ source contacts (4 nm Cr/75 nm Au) were fabricated by photolithography followed with lift-off in acetone. Finally, another metallic contact is made onto the p + -Si substrate, which serves as a back gate contact. The device characteristic curves of GFETs were measured using a semiconductor parameter analyzer. Figure 3a shows the SEM image of a representative hexagonal GNM with average ribbon-width w of 10 nm and interhole spacing S of ∼33 nm. The inset image shows the statistics of ribbon width measured by using digitized SEM images and digital imaging analysis. We found the standard deviation of the ribbon width is less than 2 nm over the whole GNM sample (note: the SEM image has a resolution better than 1 nm/pixel) and therefore expect a uniform electrical transport property over the whole GNM sample.
In the O 2 plasma etching step, after the resist residual layer and the underlying graphene are etched away, overetching can result in a significant lateral etching of the mesh feature in the resist as well as the graphene, and therefore reduces the final GNM ribbon width. This provides us a way to make GNMs with sub-10 nm ribbons, which is necessary for opening a bandgap large enough for electronic applications at room temperature. [24] [25] [26] [27] Figure 3b plots the final average ribbon width as a function of the processing time under a specific etching condition (O 2 flow, 25 sccm; pressure, 10 mTorr; power, 90 W). Here, it is demonstrated that we can trim the average ribbon width of GNMs from 17 to 7 nm by adjusting the etching time. Figure 4 displays the electrical characteristics of several exemplary GNM-based GFETs at room temperature. Figure  4a schematically illustrates the structure of a GNM-based GFET, in which a rectangular-shaped GNM film with ribbon width w, total channel width W tot , and channel length L serves as the conduction channel. A pair of metallic pads (Cr/Au) serve as drain and source contacts; a 300 nm thick SiO 2 layer and p + Si wafer are used as the gate dielectric and the back gate, respectively. Figure 4b shows the drain current (I ds )-gate voltage (V g ) dependence of a GFET with an unpatterned graphene film (W tot ) 15 µm, L ) 15 µm), which serves as a control device here. This control GFET exhibits a typical ambipolar transport behavior with the minimum drain current (I OFF ) at the neutral point (V g ) V 0 ) and a relative low ON/OFF current ratio (I ON /I OFF ∼ 4 measured at V g -V 0 ) -75 V). Figure  4c shows the I ds -V g curves of a GNM-based GFET (w ) 14 ( 2 nm, W tot ) 2.0 µm, and L ) 2.0 µm) measured under V ds ) 25 and 50 mV. The device also exhibits an ambipolar transport behavior and has a slightly higher ON/OFF current ratio (I ON /I OFF ) 8 ( 2 measured at V g -V 0 ) -75 V) compared to the control GFET. Figure 4d shows another GNM-based GFET with a narrower ribbon width (w ) 10 ( 1.4 nm, W tot ) 1.4 µm, L ) 2.0 µm), which exhibits a further increased ON/OFF current ratio (I ON /I OFF ) 15 ( 4 measured at V g -V 0 ) -75 V). In addition, we observe multiple plateaus in the I ds -V g characteristic curves (see Figure 4e for a zoomed view), which remain persistent at different drain/source voltages. Figure 4e shows the I ds -V g curves of a GNM-based GFET with a sub-10 nm average ribbon-width (w ) 7 ( 2.0 nm, W tot ) 2 µm, L ) 1.5 µm). I ON /I OFF was measured to be 85 ( 20 at V g -V 0 ) -75 V, and multiplateaus also appear in the I ds -V g curves and become more noticeable. Our electronic characterization of GNM-based GFETs demonstrates that the ON/OFF current ratio increases with shrinking the average ribbon width, which is attributed to the formation of a bandgap in the electronic structure of GNMs. Also the electrically observed multiple plateaus in the I ds -V g curves of GFETs with 10 nm and below ribbon width indicates the formation of multiple conduction subbands.
For the first order approximation, a GNM can be regarded as a conductive network of multiple GNRs. Therefore, we expect that the electronic bandgap of GNMs inversely scales with the average ribbon width (i.e., E g ∼ R/w, and R is a coefficient with unit [nm eV]). 2, [25] [26] [27] [28] Furthermore, the ON/ OFF current ratio of a FET device exponentially scales with the bandgap (i.e., I ON /I OFF ·exp(E g /kT), where k is Boltzmann constant and T is the absolute temperature). 29 So the I ON / I OFF value of GNM-based GFETs on a log scale is expected to inversely scale with the average ribbon width, as expressed in eq 1, where C is a dimensionless constant. To verify this dependence, Figure 5a shows a semilog plot of the measured I ON /I OFF data (squares)
versus the inverse of the GNM ribbon-width (1/w). I ON /I OFF data can be well fitted by eq 1 (solid line in Figure 5a ), and the coefficient R and C were fitted to be 0.95 nm eV and 0.41, respectively. The corresponding bandgap values of GNMs with various ribbon-widths were also extracted from the I ON /I OFF data by using the equation E g ) kT[ln(I ON /I OFF ) -ln C] and plotted as a function of w in Figure 5b . The fitting curves (E g ) R/w) are also plotted with R ) 0.95 nm eV (GNMs) and 0.8 nm eV (for GNRs produced through chemical exfoliation). 27 Figure 5b shows that our GNM samples indeed exhibit a very similar E g -w dependence to that of GNRs. This suggests that the bandgap formation in the electronic structure of GNMs is mainly attributed to the quantum confinement at the multiple ribbons. A more detailed analysis of the bandgap and conduction subbands of GNMs will need a more precise calculation based on a tight-binding model subject to a specific feature edge (zigzag, armchair, or disordered). Such a calculation model is also needed for precisely evaluating the carrier mobility of GNMs and other graphene nanostructures. In our previous work, the carrier mobility of the graphene nanostructures produced by electrostatic printing followed with plasma etching was estimated to be ∼1000 cm 2 /(V s) for holes and ∼200 cm 2 /(V s) for electrons.
11
In summary, we fabricated hexagonal graphene nanomeshes with sub-10 nm ribbon-width using nanoimprint lithography. Electronic characterization of GNM-based GFETs was performed. We found that the ON/OFF current ratio of devices increases with shrinking the average ribbon-width (w) of GNMs and is close to ∼100 at room temperature when w is narrower than 10 nm. This effect indicates the formation of an electronic bandgap in GNMs. The bandgap value extracted from the ON/OFF current ratio inversely scales with the average ribbon width of GNMs. In addition, multiple plateaus appear in the I ds -V g characteristic curves of GNMbased GFETs with 10 nm or below ribbon widths, and they are attributed to the formation of electronic subbands. Such mesoscopic graphene structures can serve as not only a solution to open a bandgap, directly benefiting the electronic applications of graphene, but also an important basis upon which superlattices consisting of various graphene structures could be constructed. This work also demonstrates that nanoimprint lithography is a pathway for low-cost, highthroughput production of mesoscopic graphene structures with critical dimensions down to single-digit nanometer regime and is compatible with wafer-scale applications. 
